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        ABSTRACT  

Work carried out in present investigations has been compiled in the form of thesis entitled, “Chemo Enzymatic Synthesis of Industrially Useful Chiral Intermediates.” The thesis has been divided in to four chapters.

Chapter I provides a brief introduction to biotransformations. 

Chapter II has been divided in to three sections.
Section I gives a brief summary of applications of the enzyme penicillin  G acylase in organic synthesis. 
Section II deals with the chemo-enzymatic synthesis of (S)- Clopidogrel using immobilized penicillin G acylase as a catalyst. 
Section III describes the resolution of 1,2 amino alcohols by immobilized penicillin G acylase. 

Chapter III comprises of resolution of glycidate esters with crude mung bean (Phaseolus radiatus) epoxide hydrolase immobilized in gelatin matrix. 

Chapter IV describes the synthesis of (S)-Naproxen via an environmentally benign process that uses eco-friendly reagents. 

Chapter I     : Biotransformations

Chapter II   : 
Penicillin G Acylase Mediated Biotransformations
Section I      : Penicillin G Acylase in Organic Synthesis

Section II    : Chemo-enzymatic synthesis of (S)- Clopidogrel
         Clopidogrel 7 is a potent oral antiplatelet agent often used in the treatment of coronary artery disease, peripheral vascular disease, and cerebrovascular disease.

Due to the biological importance of Clopidogrel molecule, development of efficient synthetic routes is of considerable interest. Although, there are several routes to synthesis of Clopidogrel, most of the routes utilize either the 2-chloromandalate or 2-chlorophenylglycine derivatives as the starting materials. Initially, the final product was made in the racemic form and resolved via fractional crystallization with a resolving agent like camphorsulfonic acid. Later synthetic routes involved resolution of racemic intermediates before proceeding to the next stage. Since chirality can be easily introduced through an enzyme mediated reaction, it was considered prudent to develop a methodology based on enzyme-assisted synthesis. A careful survey of the literature showed that no such methodology exists where (S)-2-chlorophenylglycine used as a chiral intermediate for the synthesis of (S)-Clopidogrel. 
Our synthesis of (S)-Clopidogrel 7 involved the utilization of immobilized penicillin G acylase in the key resolution step. The synthesis of (S)- Clopidogrel 7 was carried out in the following manner (Scheme 1). 2-Chlorophenylglycine 1 was converted to its N-phenylacetyl derivative 2 with 92% yield and subjected to enantioselective hydrolysis with immobilized penicillin G acylase (EC 3.5.1.11) in aqueous solution at pH 8.0 and 27 ºC. The reaction was followed by reverse phase HPLC.  The apparent Vmax  and Km values for the reaction were found to be   19 mM/min/g and 74 mM. 

	The penicillin G acylase enzyme specifically hydrolyzed only the (S)-amide giving (S)-2-chlorophenylglycine 1a in 46% yield with >99% e.e. (chiral HPLC). The mixture of phenylacetic acid and (R)-amide 2a recovered after the enzymatic reaction was heated at 170º C for 15 min. to racemize the amide which is recycled. The reaction could be carried out at a substrate concentration of 20% and the reaction is complete within 5h at enzyme to substrate ratio of 1:3.

	Enantiomerically pure 1a was esterified with thionyl chloride and methanol to its methyl ester 3 in 96% yield. Condensation between tosylate 5 and methyl ester 3 in the presence of sodium bicarbonate afforded 6 in 63% yield. Further cyclization of compound 6 with 38% aqueous formalin provided the final compound 7 in 90% yield having the optical rotation []D25 = +60 º.

Scheme 1.


Reagents and conditions: (i) PhCH2COCl, 2N NaOH, 92%; (ii) Immobilized Pen G acylase, phophate buffer pH 8.0, 27 C ; (iii) phenyl acetic acid, 170 C, 15 min; (iv) SOCl2, MeOH, 96%; (v) MeCN, NaHCO3, 80 C, 24 h, 63%; (vi) 38% aqueous formalin solution, 60 C, 90%.
Section III    :
Resolution of racemic 2-amino-1-alcohols
Chiral 1,2–amino alcohols are important intermediates in the synthesis of various pharmaceutical products and product candidates, yet the preparation of these compounds remains a significant synthetic challenge to chemists. Gaining control over the stereochemistry of amine chiral center is the key to the production of these important chemical intermediates. 
The resolution of amino alcohols with penicillin G acylase has been carried out earlier but the reaction needs to be carried out in aqueous buffer at a low substrate concentration limited to maximum of 5% due to low solubility of the substrate in water. Attempts to increase substrate concentration by employing water-miscible solvents such as acetonitrile, acetone, methanol etc. caused enzyme denaturation. Similarly, water-immiscible solvents like hexane and ethylacetate inhibited the enzyme. This factor has limited the use of penicillin G acylase in large-scale resolutions of amino alcohols. 
In the present section, a simple methodology of resolution of amino alcohols at much higher substrate concentration (>20%) is described. The phenyl acetyl derivatives are treated with succinic anhydride to convert the substrate in a more water-soluble form. 

a). Resolution of racemic 2-amino-1-butanol (10)
       Resolution of racemic 2-amino-1-butanol is an industrially important process, since the (S)-2-amino-1-butanol is used as an intermediate for the production of Ethambutol, an antibiotic for the treatment of tuberculosis. 2-Amino-1-butanol and its derivatives are also used as resolving agents. Several derivatives of (S)-2-amino-1-butanol have shown anti-arrhythmic activity. 
The N-phenylacetyl derivative of racemic 2-amino-1-butanol 11 was prepared by treating racemic 2-amino–1-butanol 10 with methyl phenylacetate 9 at 140 C without solvent in 96% yield. Compound 11 was treated with succinic anhydride and pyridine in toluene to obtain the corresponding succinate derivative 12 in 92% yield. The compound 12 was subjected to enzymatic hydrolysis with immobilized penicillin G acylase at pH 7.8 and 30 C at substrate concentration of 20%. The reaction was followed by HPLC. The enzyme was found to recognize only  (S)-13 and hydrolyzed specifically the amide function without causing hydrolysis of the ester functionality. Thus (S)-13 was obtained in 47% yield and unreacted (R)-4-oxo-4-{2-[(2-phenylacetylamino] butoxy} butanoic acid (12a) was recovered in 45% yield with > 99% e.e. The succinate group of (S)-13 was removed by hydrolysis with 2N NaOH to obtain optically pure (S)-2-amino –1-butanol (10a) in 95% yield having []D25: = -36 (e.e.>99%) (Scheme 2).

Scheme 2.

Reagents and conditions: (i) Amberlyst A15, MeOH, reflux, 90%; (ii) 2-amino-1-butanol (10) 140 C, 24 h, 96%; (iii) succinic anhydride, pyridine, toluene, reflux, 6 h, 92%; (iv) penicillin G acylase, pH 7.8, 30 C, 6 h, (R)-12a 45% yield ,99% e.e. ; (S)-13-47% yield; (ii) 2N NaOH, 3 h, (S)-10a- 95%.
b). Resolution of racemic 2-amino-3phenyl-1-propanol (15)
The racemic compound 17 was subjected to enzymatic hydrolysis with immobilized penicillin G acylase at pH 7.8 and 30 C (Scheme 3). The substrate concentration was 20%. The reaction was followed by HPLC. After the hydrolysis, 17a was obtained in enantiomerically pure form with 45% yield (e.e. 99%; chiral HPLC analysis). The compound 18 was obtained with 46% yield and (S)-2-amino-3-phenyl-1-propanol 15a with 95% yield. The configurations were assigned on basis of their optical rotations and comparison with literature reports (Scheme 3).

Scheme 3


Reagents and conditions: (i) NaBH4, H2SO4, THF, 5N NaOH, MeOH, reflux, 90%; (ii) 
PhCH2COCl, 2N NaOH, 93%; (iii) Succinic anhydride, py, Toluene, 93%; (iv) penicillin G acylase, pH 7.8, 30 C, 6 h, (R)-17a-45% yield, 99% e.e.; (S)-18-45% yield, 99% e.e.; (v) 2N NaOH, 3 h,(S)-15a- 95%.



Chapter III :
Resolution of glycidate esters with crude mung bean (Phaseolus radiatus) epoxide hydrolase immobilized in gelatin matrix.
Enantiomerically pure trans-ethylphenyl glycidate 19a and trans-methyl (4-methoxyphenyl) glycidate 25a are important drug intermediates. Both (2S,3R) and (2R,3S)-enantiomers of ethylphenylglycidate 19a are useful in synthesis of N-benzoyl-(2R,3S)-3-phenylisoserine side chain of Taxol, a widely used anticancer drug. The (2R,3S)-enantiomer of 25a is used in synthesis of Diltiazem, a drug used to treat hypertension.
                     
Resolution of racemic glycidate esters by an esterase/lipase catalyzed enantioselective hydrolysis is a well-known process. However, the glycidic acid, which forms as the hydrolysis product, is unstable and quickly decomposes to aldehyde. This aldehyde acts as an inhibitor of the enzyme and it is necessary to design the bioreactor, which allows a continuous removal of the aldehyde as a bisulfite adduct. Besides, this aldehyde has one carbon atom extra and as such can not be used as a raw material for the same process.
On the other hand, the product of enantioselective opening of epoxide ring would produce the corresponding diol which can be converted to the starting aldehyde via a periodate reaction and reused. Thus a resolution process based on epoxide hydrolase would be economically and environmentally more favorable than a lipase based process. The report of presence of epoxide hydrolase activity in Mung beans which are readily available in supermarket lead us to investigate the application of the enzyme in resolution of glycidate esters.
The epoxide hydrolase activity in mung beans was found to attached to the polysaccharides making up the meal of the mung beans. Thus the enzyme preparation consisted of mung bean paste from which fractions of proteins with molecular weights >100 kD were removed by membrane filtration. The retentate was freeze dried to obtain enzyme preparation with high epoxide hydrolase activity.  
The epoxide ring of the glycidate ester 25a was found to hydrolyze readily in aqueous buffers (pH 6 to 7.5) and this necessitated the use of a water-immiscible solvent like diisopropyl ether or toluene for the reaction. In the past few years, the use of lipases immobilized in gelatin organo-gels (gelozymes) for use in organic solvents has been well demonstrated. The procedure provides a technique of enzyme immobilization at low temperature and the gelatin matrix provides a porous support. The water content of the matrix can be controlled to a level just sufficient for an enzyme to be active. We have thus carried out immobilization of the crude enzyme preparation in gelatin organogel using sodium bis (2-ethylhexyl dioctyl sulfosuccinate), (AOT)-isooctane-water, and cross-linked with glutaraldehyde.
The glycidate ester 19 dissolved in diisopropyl ether was stirred with gelozyme powder at room temperature on a magnetic stirrer. The reaction was followed by HPLC. The (2R,3S)-ester slowly disappeared. The e.e. of unreacted ester 19a reached >99% in 72 h to obtain 45% of (2S,3R)-ester and a diastereomeric mixture of syn and anti-diols in 45% yield. The configuration of the unreacted glycidate esters19a was established as (2S,3R)  on the basis of the optical rotation, retention times on chiral HPLC column and comparison with literature values (e.e.>99%) (Scheme 4). The diastereomeric mixture of diols obtained after chromatography was converted to corresponding acetonides. The ratio of anti to syn acetonide in the 1H NMR spectral analysis was found to be 8:1 (de 77.8 %). From negative optical rotations and retention times on chiral stationary phase, the configuration of anti diol was assigned as (2R,3R). The e.e. of anti diol was found to be >99% based on chiral HPLC analysis. The syn-diol was obtained as a racemic mixture.
 
Scheme 4.


Reagents and conditions: (i) Mung bean EH, di-isopropyl ether, 19a-45%, 20a and 21-45%.; (ii) Conc H2SO4, THF, 95%; (iii) Camphor sulfonic acid, Dichloromethane.

The glycidate ester 25 dissolved in diisopropyl ether was stirred with gelozyme powder at room temperature on a magnetic stirrer. The reaction was followed by chiral HPLC analysis. The (2R,3S)-ester slowly disappeared. The e.e. of unreacted ester reached >99% in 12 h to obtain 42% of (2S,3R)-ester and racemic diol was obtained. As the reaction is faster compared to glycidate ester 19 the diol obtained was racemic and there is no specific selectivity for diol formation. The configuration of the unreacted glycidate ester 25a was established as (2S,3R)  on the basis of the optical rotation, retention times on chiral HPLC column and compared with literature values (e.e.>99%) (Scheme 5).


Scheme 5.

Reagents and conditions: (i) Mung bean EH, di-isopropyl ether, 25a-42% (ii) Conc H2SO4, THF, 95%;

The Mung bean EH enzyme could not accept the compounds 27and 28 as they have   bulky groups attached at C-2 position of the oxirane ring. 



Thus present work demonstrates the use of easily extractable epoxide hydrolase from Mung beans for resolution of commercially important glycidate esters. The enzyme can be immobilized in gelatin matrix using water-in-oil microemulsion system. The technique provides an enzyme preparation in which amount of water present in reaction medium can be easily controlled and the enzyme can be recycled for repeated use.


Chapter IV  :
Synthesis of (S)-Naproxen via an environmentally benign process.
(S)-2-(6-Methoxy-naphthalen-2-yl)propanoic acid (35) (Naproxen) is a powerful non-steroidal anti-inflammatory agent, whose asymmetric synthesis continues to be of commercial interest. 


                                                         (S)-Naproxen

Present work describes the preparation of (S)-Naproxen in an eco-friendly manner using catalysts, solvents and enzymes, which are environmentally benign.

Section I :
Preparation of 2-Methoxy naphthalene (30)

The first intermediate in synthesis of Naproxen is 2-methoxy naphthalene 30. This is generally prepared by O-methylation of β-naphthol 29 which is carried out by using highly toxic methylating agents such as methyl halides or dimethyl sulfate and a base such as sodium hydroxide. In the present work, we have used dimethyl carbonate as the methylating agent. Dimethyl carbonate (DMC) is an interesting chemical for its low toxicity (LD50 oral rat: 13 g/kg) and chemical versatility. Methylation of 2-naphthol with DMC was thus attempted using different bases. After several trials we discovered that the O-methylation of 2-naphthol proceeds best when DMC is used both as reagent as well as solvent and tetrabutyl ammonium bromide as phase transfer catalyst in presence of potassium carbonate as base at 90 C (refluxing conditions). The product 30 is obtained in 85 % yield in 5 h.  The unconverted 2-naphthol 29 (15%) is easily recovered and recycled. The process is environmentally friendly and no side products are formed (Scheme 6).
Scheme 6.


Reagents and conditions: (i) K2CO3, (BU)4NBr, Dimethyl carbonate, reflux, 85%.

Section II :
1-(6-methoxy-2-naphthyl)-1-ethanone (31)

The second intermediate in naproxen synthesis is 1-(6-methoxy-2-naphthyl)-1-ethanone (2,6-AMN) 31, which is industrially produced by Friedel–Crafts acylation with AlCl3, which results in a substantial amount of waste and corrosion problems.  In present work we have attempted to replace the corrosive aluminium chloride with heteropolyacid H3PW12O40 (phosphotungstic acid, PTA) as an easily recoverable and eco-friendly catalyst for acylation of 2-methoxy naphthalene . 
Since 2-methoxy naphthalene has two possible sites of acylation, two major isomers 1-(6-methoxy-1-naphthyl)-1-ethanone (1,6-AMN) 32 and 1-(6-methoxy-2-naphthyl)-1-ethanone (2,6-AMN) 31 can be produced. 



The two isomers can be differentiated with 1HNMR where the proton at C-1 in 2,6-AMN resonates at δ 8.36 whereas for 1,6-AMN the proton at C-2 resonates at δ 7.8. The two isomers also separate well on reverse phase HPLC column and the reactions can be monitored conveniently. 
Several studies were carried out to achieve selective formation of 2-6-AMN. Acylation of 2-methoxy naphthalene with acetic anhydride using unsupported phosphotungstic acid as catalyst proceeds efficiently but gives the unwanted 1,6-isomer as the major product with >98% selectivity. To choose appropriate solvent for the reaction, effect of solvent on acylation reaction was studied under fixed parameters of substrate to catalyst ratio (1 mole %), and concentration of acetic anhydride (1.5 eq.).
Among several solvents screened at room temperature, reaction occurred only in acetonitrile and nitrobenzene with very high selectivity (>98%) towards 1,6-AMN. Acylation was then carried out at temperatures ranging between 60 and 140 C. Among all the solvents, formation of 10% 2,6 AMN was observed at 140 C in tetrachloroethane. Thus tetrachloroethane was selected as a solvent for further reactions. It is a neutral solvent having good dielectric constant (7.096) and is capable of showing specific interactions with aromatic hydrocarbons.
In Friedel–Crafts reactions, the Lewis acid sites are required for the alkylation or acylation. The silica supported solid-acid catalysts are generally categorized by their Brønsted and/or Lewis acidity, the strength and number of these sites, and the morphology of the support (e.g. suface area, pore size etc.). To obtain high selectivity toward the desired products in a synthetic reaction all these properties must be considered.  Previous reports on silica supported phosphotungstic acid have demonstrated presence of only Lewis acid sites. Although phosphotungstic acid itself could act as an efficient Lewis acid, it occurred to us that introduction of an extra Lewis acid site such as silica might change the course of selectivity. We have hence carried out acylation reactions with phosphotungstic acid supported on various supports: basic, neutral and acidic alumina; zirconium sulfate; silica  (SiO2, Ketzen), and silica gel. The effect of different solid supports was studied for the acylation reaction at 10% catalyst loading. Three catalysts, SiO2, zirconium sulfate and silica gel in combination with phosphotungstic acid were found to be capable of steering the selectivity towards the required 2,6-AMN. Considering the cost of silica gel, which is appreciably lower than the cost of pure SiO2 or zirconium sulfate, we have carried out further experiments with phosphotungstic acid supported on silica gel.
The effect of PTA loading on silica gel was studied for the acylation reaction.  As the concentration of PTA increases, the selectivity towards 2,6-AMN increased gradually, e.g. as the amount of PTA increases from 5% to 20% (w/w) the formation of 2,6 AMN increases from 17% to 88%.  Further increase in PTA loading causes the yield of 2,6 AMN has to drop down to 72.5% (Fig.1). Maximum selectivity was obtained with 20% PTA loading on silica gel.  


Fig.1. Effect of phosphotungstic acid (PTA) loading on selectivity during acylation of 2-methoxynaphthalene. 

2,6-AMN was prepared on a 10 g scale. A single crystallization from methanol gave pure 2,6-AMN (Scheme 7).

Scheme 7.


Reagents and conditions: (i) 20% PTA/SiO2, AC2O, tetrachloroethane, reflux 2 h, 140 C, 31- 88 %, 32- 12 %.

Section III :
Preparation of racemic naproxen 35
2,6-AMN was converted to 2-(6-methoxy-2-napthyl)-1-propylene oxide (33) in 87% yield by reacting with sulfonium salt (PhMe2S+MeSO4), 2,6–di(tert-butyl)-4-methyl phenol and NaOH in DCM. The compound 33 was treated with boron triflouride etherate and pyridine to obtain the aldehyde 34 in 75% yield. The aldehyde 34 is further oxidized with hydroxylamine hydrochloride, pyridine and potassium hydroxide in diethylene glycol to afford racemic naproxen 35 in 80% yield (Scheme 8).

Scheme 8.

Reagents and conditions: (i) PhMe2S+MeSO4, 2,6-di(tert-butyl)-4-methyl phenol, NaOH, DCM, 87%; (ii) BF3.OEt2, THF, Py, 0-5 ºC, 75%; (iii) NH2OH.HCl, Py, Diethylene glycol, 85%KOH, 100-160 ºC, 80%.
Section IV :
Enzymatic resolution of racemic naproxen 35.
Although several reports exist for resolution of naproxen by enantioselective hydrolysis of its methyl or 2-chloromethyl ester, the reaction rates are too slow to be of commercial interest (7 days for methyl ester with 1:1 (w/w) substrate to enzyme ratio). Since the natural substrates for lipases are fatty acid esters of glycerol, it was interesting to study whether glycerol derivatives of naproxen would be useful in resolution of naproxen. 2,3-Isopropylidine glycerol (solketal) is a good candidate for such studies since it can be easily prepared from glycerol by condensation with acetone. 
Thus racemic 2,3-dimethoxy-propyl 2-(6-methoxy-2-naphthyl)propanoate (36) was prepared from 35 and racemic solketol by esterification in presence of Amberlyst 15 resin in toluene in 85% yield (Scheme 9).

Scheme 9 


Reagents and conditions: (i) Solketol, toluene, H+ resin (Amberlyst A-15), reflux 12 h,  85%.


The racemic compound (36) was subjected to enzymatic hydrolysis in aqueous buffer (0.05 M phosphate buffer, pH 7.4) with 9 commercially available lipases keeping substrate to enzyme ratio (w/w) 2:1. Best results were obtained with lipase from Candida rugosa. The reaction was followed by HPLC and was stopped at 45% hydrolysis to obtain unreacted ester in 51% yield and optically pure (S)-Naproxen in 45% yield with 99% e.e. Product analysis was done by chiral HPLC (Scheme 10).
Scheme 10

Reagents and conditions: (i) Candida rugosa lipase, phosphate buffer, pH7.4. 
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